ABSTRACT The primary insect pest of the developing chestnut industry in the central United States is the small chestnut weevil, Curculio sayi (Gyllenhal), which is a specialist on only Castanea trees. Recent research has shown this insect is attracted to and feeds upon the reproductive tissues of the chestnut tree, including the ßowers, burs, and nuts. In this study, the major volatile components emanating from the chestnutÕs reproductive tissues were sampled using solid phase microextraction and static headspace analysis. In total, 59 compounds from these tissues were separated and identiÞed using GC-MS and authenticated reference standards. The majority of compounds identiÞed from the bur and nut tissues were esters (60.2 and 67.4%, respectively). The majority of compounds identiÞed from catkins were alcohols and benzenoids (53.2 and 19.8%, respectively). A subset of those compounds identiÞed from the chestnut plant tissues was used in electroantennogram testing to determine the insectÕs electrophysiological response to host-generated volatiles. This study identiÞes the major components of the volatile proÞle from several important chestnut plant tissues, and was the Þrst to report the volatile compounds from bur tissue. The identiÞcation of the major volatiles emanating from chestnut tissue, as well as the associated insect response, are both critical to the successful utilization of these host-plant volatiles as attractants in the development of a semiochemical-based monitoring trap for C. sayi adults.
Host-produced volatile chemical cues play a critical role in phytophagous insects locating appropriate host plants (Bruce and Pickett 2011) , and such volatile organic compounds (VOCs) have been used as a means to monitor, manipulate the behavior of pest species in integrated pest management (IPM) programs, or both. Rodriguez-Saona and Stelinski (2009) described a sequence of research steps needed before host-plant volatiles can be effectively used as tools in pest management practices. One of the initial steps, they suggested, is to identify the volatile emissions and then test them in the laboratory (individually or as a blend [s] ) to determine if they are behaviorally active compounds(s) (i.e., whether they act as attractants or repellants to the target pest insect).
The production of chestnuts in the United States is greatly affected by the small (or lesser) chestnut weevil, Curculio sayi (Gyllenhal). This pest is highly hostspeciÞc, as it has only been observed to feed and oviposit on the genus Castanea (chestnut and chinquapin). Although C. sayi adults do not affect the health of the tree, these insects lay their eggs inside the nuts, and the feeding larvae can destroy the vast majority of the commercial crop harvest in a given year (Brooks and Cotton 1929, Johnson 1956 ). In the spring, C. sayi has been observed to feed on catkins, whereas in the fall, this insect has been noted to feed and lay eggs on the forming nuts that are housed within the spiked, protective burs (Brooks and Cotton 1929 , Johnson 1956 , Keesey 2007 .
Because interest in the commercial production of chestnut fruit has increased, select Chinese chestnut seedlings and a few species of hybrid seedlings that are blight tolerant are being propagated by chestnut growers in the central United States , and multiple aspects of C. sayi pest management, such as the development of an effective trap attractant, need to be addressed.
There have been several species of weevils reported to be attracted to VOCs of their host plants, such as the cranberry weevil, Anthonomus musculus Say (Szendrei et al. 2009 ); Pantomorus cervinus Boheman (Wee et al. 2008) ; Scyphophorus acupunctatus Gyllenhal (Altuzar et al. 2007) ; Anthonomus rubi Herbst (Bichao et al. 2005a,b) ; the black vine weevil, Otiorhynchus sul-catus (F.) (Van Tol et al. 2002) ; and the plum curculio, Conotrachelus nenuphar (Herbst) (Lesky et al. 2001 ). Keesey and Barrett (2012) were the Þrst to report C. sayi adults being attracted to odors emanating from chestnut reproductive plant tissues. However, no studies exist describing C. sayiÕs response to the speciÞc VOCs associated with these chestnut tissues. Consequently, the speciÞc objectives of this study were to 1) identify the volatile proÞle from chestnut reproductive tissues (catkin, bur and nut); and 2) measure the electroantennographic responses of C. sayi to the major VOCs identiÞed from chestnut to determine which speciÞc chemicals elicit the greatest antennal responses.
Materials and Methods
Plant Tissue and Volatile Collection Sampling. Sources of plant odors came from chestnut tissue collected from managed trees located at the University of MissouriÕs Horticulture and Agroforestry Research Center, New Franklin (Howard County), MO (39.0202Њ N, Ϫ92.7646Њ W). The trees were grafted Chinese chestnut, Castanea mollissima Blume (ÔQingÕ), Ϸ15 yr old, on 4-by 8-m spacing, and the soil type of the site was Menfro silt loam (USDA soil type). Catkins from these trees were collected periodically during June, and the burs and nuts were collected in September. Plant samples were wrapped in aluminum foil, placed in plastic Ziploc bags, and kept in a cooler during transport.
Fresh plant material (20 g) was cut to Þt into 40-ml clear glass, screw top vials with hole-cap PTFE/silicone septa (Supelco, Bellefonte, PA). Plant tissues were allowed to equilibrate for 2 h at 25ЊC before sampling, and volatile collections were performed within 4 h of being removed from the tree. Volatiles were collected with the solid phase microextraction (SPME) technique. The Supelco SPME manual sampler combined with a polydimethylsiloxane coated Þber assembly (PDMS, 100 m) was used to sample the headspace of all prepared tissues by puncturing the vial septum with the manual holder needle and exposing the enclosed PDMS Þber. SPME Þber exposures included 30 s, 1 min, 5 min, and 15 min sampling durations for each plant tissue to examine both major and minor components of the volatile proÞle. After each volatile extraction was Þnished, the SPME Þber was withdrawn into the manual holder needle and transferred to the Merlin microseal (Sigma Aldrich, St. Louis, MO) injection port of the GC-MS system for volatile analysis. The exposed Þber was desorbed in the injection port for 4 min at the start of each GC-MS cycle in splitless mode. SPME Þbers were conditioned between usages by using the manufacturer guidelines (250ЊC for 30 min).
GC-MS Analysis. The analysis of volatile samples was performed using a Varian 3400cx gas chromatograph (GC) with a DB-5 capillary column (30 m ϫ 0.25 mm in diameter, 1.0-m Þlm thickness) coupled with a Varian Saturn 2000 ion trap mass spectrometer (MS) (Varian Inc., Walnut Creek, CA). The GC temperature program started at 35ЊC for 4 min, then was ramped up at 3ЊC/min to a Þnal temperature of 250 Њ C and held for 5 min (for a total runtime of 80 min per sample). The carrier gas used was helium, at a ßow rate of 1 ml/min, and the GC injector temperature was 250ЊC. The MS trap and manifold temperatures were 150ЊC and 50ЊC, respectively, with a 1-min delay on MS acquisition, and the transfer line between the GC and MS held at 250ЊC. Electron impact was used as the ionization source, and the mass spectra ranging from 36 to 400 m/z were scanned with a 0.81-s scan cycle. The maximum ionization time was 25,000 s, with target total ion count of 20,000, and the prescan ionization time programmed at 100 s. When available, the identiÞcation of the isolated compounds was achieved by comparing retention times and mass spectra with those of reference standards (Table 1 ; Sigma Aldrich, St. Louis, MO). As suggested by Romeo (2009) , the reference standards were analyzed using SPME sampling from the same vials used for plant tissue volatile collections, and relative concentrations of compounds for each tissue were estimated using the percent of total peak area. For tentative identiÞcation, the National Institute of Standards and Technology (NIST 2005) mass spectral library was used, as well as comparison to the spectral data previously published in the related literature.
Weevil Collection. Adult C. sayi were collected from an unmanaged chestnut grove located on a private farmstead southwest of Glasgow, MO, (Saline County) (39.1919Њ N, 292.9311Њ W). The collection site consisted of over 20 chestnut trees spaced 7Ð10 m apart. The trees were 15Ð18 m tall, and their canopies were overgrown and overlapping. It was estimated that the trees were between 40 and 50 yr of age, of a grafted variety, and were probably a cross between Asian and American chestnut species (Keesey and Barrett 2008) . The trees started blooming in early May, with ßowering lasting into early June, and the annual nut drop started by late August and continued into early October.
Adult C. sayi were collected by limb tapping and through the use of ground-based emergence traps, tree-mounted circle traps, and pyramid or silhouette traps (as described by Keesey and Barrett 2008) . Collected weevils were placed, by sex and collection date, into plastic containers (0.5 liters) that contained a layer of clean wood shavings and a small sponge that was kept saturated with honey water. These containers were housed in growth chambers set at 27ЊC, 60 Ð 70% RH, and a photoperiod of 14:10 (L:D) h.
Electroantennogram Analysis. The sensory responses of C. sayi were ascertained by measuring the response amplitude in electroantennograms (EAG) toward different chestnut VOCs emanating from the bur, catkin and nut tissues. The EAG preparations consisted of a pair of excised weevil antennae positioned in parallel across a forked probe (Syntech, Hilversum, Netherlands) using Spectra 360 electrode gel (Parker Laboratories Inc., NJ). The antennal sensilla of C. sayi have not been characterized, but previous work on sensillum types and their organizational arrangement within similar weevil species have dem-onstrated strong similarities across Curculionidae, including the pecan weevil, Curculio caryae (Horn) (HatÞeld and Frazier 1976) , the plum curculio, Conotrachelus nenuphar Herbst (Alm and Hall 1986) as well as the alfalfa weevil, Hypera postica (Gyllenhal) (Bland 1981) . These Curculionid antennae possess a August 2012 KEESEY ET AL.: EAG RESPONSES OF C. sayi TO CHESTNUT VOLATILESsimilar concentric pattern of sensilla arrangement, including the position of sensilla types as well as quantity, with 80 Ð90% of the sensillae located in the terminal antennal club. The exposed surface area of the two C. sayi antennae across the electrode gel was equivalent to a single uncovered antenna. A stream of humidiÞed and charcoal-puriÞed air was constantly passed over the antennal preparation (0.4 liters/min) through a 10-mm-diameter glass tube (constant air tube) that was ßanged to a 15-mm (diameter) at the opening proximal to the antennae. Because the HPLCgrade solvent n-hexane was found to generate significant EAG reponses in C. sayi antennal preparations, diluted sample stock of each of the tested VOCs were prepared using laboratory-grade mineral oil at a ratio of 1 ml mineral oil to 1 l of each high purity compound. All tested VOC compounds were at least 95% pure (Sigma Aldrich, St. Louis, MO), and a single 1-l drop of the diluted VOC sample stock was placed onto 1-cm 2 Þlter paper discs, then placed into a borosilicate glass Pasteur pipette (puff cartridge) (15 cm in length by 6 mm in diameter), with the tip of the cartridge inserted into the constant air tube. The insertion point of the puff cartridge was positioned 13 cm from the end of the constant air tube where the antennal preparation was stationed. These VOC puff cartridge preparations were freshly created for each new set of tested insect antennae, and new working sample stocks of each VOC dilution were created daily. Control puffs consisted of air passed over Þlter paper discs with 1 l of mineral oil.
The EAG signals from the antennae were passed through a 2-channel signal acquisition interface controller (IDAC-2; Syntech, Hilversum, Netherlands) then recorded and processed using Syntech software (GC-EAD 2010). Both constant airßow and air puffs were generated with a stimulus ßow controller (CS-55; Syntech, Hilversum, Netherlands). Three puffs of the same VOC treatment (1 s duration at 100 ml/min) were delivered 30 s apart for each stimulus and averaged, with 1Ð2 min allowed between every new treatment compound. All amplitudes of the responses were measured as an absolute value. Also, treatment order was randomized, and EAG testing for each VOC compound consisted of 21 weevil antennal preparations (11 males and 10 females).
Statistical Analyses. The EAG responses were compared with the control by a one-way analysis of variance (ANOVA) per sex per season (SAS Institute Inc., Cary, NC). SigniÞcance for mean separation was measured by calculating Fisher least signiÞcant difference (LSD). Amplitude data were adjusted relative to the average control (air) response per antennal preparation (i.e., EAG amplitudes were normalized by subtracting the average EAG response to the air puff control from that of the average EAG amplitudes that were generated from each of the test compounds). This resulted in all the EAG amplitudes being reduced by a constant that was based on the average amplitude of the EAG response to the control puff stimulus across all antennae per sex or per season of weevil collection.
Results
Volatile Compound Analysis. Plant VOCs that were identiÞed from the major and minor peaks associated with the three chestnut tissues are shown in Table 1 . Relative concentrations for each tissue and the total ion chromatogram (TIC) for each of the three tissues is shown in Fig. 1 . In total, 59 VOCs were separated and identiÞed by GC-MS using the NIST05 mass spectral library, and when available, library matches from plant tissue samples were conÞrmed using authentic reference compounds, with the retention time and mass spectra compared between the reference compound and sampled VOCs (Fig. 1) . Nut tissues were characterized by a high amount of ethyl butyrate and ethyl 2-methylbutyrate, with a low amount of ethyl isobutyrate and ethyl cinnamate also detected. The majority of VOCs identiÞed from the nut tissue were esters (67.35%). Burs were characterized by a high amount of 4-hexenol acetate, ethyl acetate, (Z)-3-hexenol, and n-hexyl acetate. The majority of compounds identiÞed from the bur tissue were esters (60.24%), but many compounds extracted from the bur tissue could not be conÞrmed with authenticated standards or through the NIST library matches. Catkins were characterized by a high amount of 1-phenyl ethanol, with (Z)-3-hexenol, 2-heptanone, 2-heptanol, benzyl alcohol, (Z)-geraniol, and alpha bergamotene also being detected. The majority of compounds identiÞed from catkins were alcohols and benzenoids (53.23 and 19.77%, respectively).
The SPME Þber exposures in this study included 30 s, 1 min, 5 min, and 15 min sampling durations to examine variations in major and minor peak components, and to maximize resolution for volatile identiÞcation using GC-MS. In general, exposures over 1 min resulted in high signal intensities, especially for fragrant chestnut tissues (e.g., catkins) but these longer SPME exposures did provide increased ion intensities for minor components, especially for the less fragrant nut tissue. Major components of bur and catkin tissues were identiÞed from shorter duration (30 s) exposures of the SPME Þber, as this sampling duration provided the optimal separation and sensitivity to major components of their volatile proÞle. However, longer duration sampling provided the best separation and sensitivity for nut tissues; therefore the major components of nut tissue were identiÞed from 15 min SPME sampling durations. The largest amount and variety of compounds was recorded from the chestnut catkins (n ϭ 36; Fig. 1) , with the nuts having the smallest (n ϭ 14; Fig. 1) . Bur tissue had a surprising amount and variety of compounds (n ϭ 24; Fig. 1 ), sharing many similar compounds with catkins but none with the nut tissue (Table 1) .
Electroantennogram Analysis. There was a signiÞ-cant difference among the amplitudes of EAG responses to treatment VOCs (F ϭ 12.75, df ϭ 15, P Յ 0.001) (Fig. 2 ). Of the 16 tested VOCs, there were 11 compounds that generated signiÞcant EAG responses in C. sayi antennae relative to the control treatment: 2-heptanol, (E)-2-hexenol, (E)-2-nonenol, (E)-2-hexenal, 2-ethyl butyric acid, ethyl tiglate, ethyl caprylate, ethyl butyrate, ethyl isobutyrate, ethyl-2-methyl butyrate, and 2-heptanone. Several of these VOCs generated differences based on the sex of the insect; however, none of those differences were signiÞ-cant (F ϭ 2.89, df ϭ 1, P ϭ 0.09). There were Þve Fig. 1 . GC-MS proÞles of C. mollissima (Qing cultivar) nut, bur and catkin tissues processed by headspace analysis by using SPME. IdentiÞcation numbers correspond to those in Table 1 . Fig. 2 . Mean EAG responses (Ϯ SE) of C. sayi male (N ϭ 11) and female (N ϭ 10) antennae to synthetic compounds that were identiÞed and selected from chestnut plant tissue headspace analysis. Asterisks denote antennal responses signiÞcantly greater than air control (P Յ 0.05).
August 2012 KEESEY ET AL.: EAG RESPONSES OF C. sayi TO CHESTNUT VOLATILEScompounds that did not produce signiÞcant EAG responses relative to the control, including ethyl-3-hydroxyhexanoate, ethyl cinnamate, (E)-beta-caryophyllene, beta-pinene and farnesene (Fig. 2) . Some of the highest of the EAG responses (although not signiÞcantly) for both males and females occurred with some of the ester compounds identiÞed exclusively from the nut tissue.
Discussion
This study is the Þrst to describe the volatile proÞles emanating from the chestnut reproductive tissues in terms of the potential role they may play in the hostlocation process by C. sayi. Research into SPME usage has shown variations in quantitative results based on sampling duration; however, the use of SPME is still quite viable for fast, efÞcient, qualitative identiÞcation of plant volatiles (Song et al. 1997 , Romeo 2009 ). Although the VOCs from chestnut catkins and nuts have been studied from other chestnut species in other regions of the world (see Yamaguchi and Shibamoto 1980 , Bonaga et al. 1986 , Guyot et al. 1998 , Kunsch et al. 2001 , Lee and Kim 2002 , Krist et al. 2004 , Yildiz et al. 2009 ), most of the previous research on chestnut VOC identiÞcation has focused on commercial ßavor, with nut descriptions and analyses being conducted after prolonged boiling or roasting. Thus it is not surprising that very few of the VOCs reported by Morini and Maga (1995) , which were identiÞed from roasted and boiled Chinese chestnuts, were similar to our proÞle. However, our data are very similar to some other previously reported VOC proÞles of processed chestnuts. For example, Krist et al. (2004) found 2-heptanone, 2-heptanol, ethyl acetate, hexyl acetate, and alpha-pinene in their roasted Italian chestnut research. Studies of chestnut honey in France conducted by Guyot et al. (1998) found similar compounds as well, including benzyl alcohol, 2-methylbutanoic acid, 1-pentanol, toluene, alpha-pinene, beta-pinene, 3-hexenol, heptanal, furan compounds, and 1-phenylethanol. The catkins analyzed by Yamaguchi et al. (1980) also found phenyl ethyl alcohol to be the major component of the ßowers. In addition, a chestnut catkin study from Korea shows ethyl-2-methylbutyrate, 2-phenyl ethyl alcohol, and benzyl alcohol in high amounts for the ßower volatile proÞle (Lee and Kim 2002) . Thus, there appears to be some strong similarities in our Þndings to other studies of chestnut VOCs emanating from nuts and catkins, which supports previous tree crop research that has found similar compounds across species and cultivar, with the majority of the variation arising from the relative concentration or ratio of compounds (Eduardo et al. 2010 , Roitman et al. 2010 .
Although some studies performed in the central regions of the United States have assessed the most promising chestnut species for commercial yield, texture, and ßavor (Gold and Hunt 2002; Hunt et al. , 2006 Gold et al. 2006; Warmund et al. 2011) , no volatile identiÞcation studies have been conducted on the predominant chestnut cultivars. Interestingly, previous research has suggested that chestnut bur tissue may be important for both the lifecycle and attraction of C. sayi adults to chestnut tree plantations (Keesey 2011) . The fall emergence of adult C. sayi often occurs several weeks before the burs split revealing the nuts inside (Keesey and Barrett 2008) , thus an attraction to the burs may explain this ßux of insect activity in the orchard before the nuts fully maturing and becoming readily available for oviposition. Spring insect activity peaks during catkin bloom, and quickly falls off after catkin senescence (Keesey 2011) , which further suggests the importance of catkins for C. sayi adults. The rather similar volatile proÞles of catkins and burs may explain some of the observations of this insect feeding on both of these tissues throughout the year, and could be further associated with similar physiological origins of these plant reproductive tissues (Miller 2003) .
There have been several studies that have demonstrated the important role plant volatile compounds play in the host location (as well as host acceptance) by phytophagous insects. Such key volatile emissions may be released from certain host tissue types, during a speciÞc phenological stage of the plant, or from herbivore-damaged plant tissue (Bruce et al. 2005 , Szendrei et al. 2009 ). Recently, work has been conducted on the VOCs associated with Italian chestnut seedlings and branches, as well as the relative attraction of these plant tissues to a damaging gall wasp, Dryocosmus kuriphilus (Yasumatsu) (Germinara et al. 2011) . This study showed D. kuriphilus was attracted to several compounds identiÞed from cut chestnut branches, including (E)-2-hexenal, (E)-2-hexenol, hexyl acetate, (Z)-3-hexenol, as well as (E)-caryophyllene, all of which also were found in our VOC proÞle of chestnut reproductive plant tissues.
We recognize that changes in volatile emissions often occurs with mechanically damaged plants, such as those that are cut to Þt sampling vials for SPME, but there are numerous examples in the literature that indicate that mechanically damaged plants are not necessarily more or less attractive than undamaged plants (see Landolt et al. 1999 , Hern and Dorn 2002 , Van Tol et al. 2002 . Furthermore, the relative consistency and strength of response of C. sayi antennae to the identiÞed VOCs demonstrate their potential importance for this insect in nature. Future research is planned that will identify the behavioral role of these individual compounds, and additional studies will emphasize the importance of volatile collections from undamaged plant tissues.
The identiÞcation of key host plant volatile emissions and the determination of whether or not they are behaviorally active compounds toward a target pest insect are critical before such semiochemicals can be used in IPM programs (Rodriguez-Saona and Stelinski 2009). We believe that the current study has clearly identiÞed the important volatiles for chestnut, and, moreover, that the signiÞcant electroantennographic responses of C. sayi toward speciÞc compounds have suggested the potential role of chestnut VOCs in mediating the orientation behavior of this species. Future studies (both behavioral and electrophysiological) will be needed to address the optimal blend, as well as dosage, of VOCs for maximizing C. sayi attraction as part of the overall goal of developing a semiochemicalbased monitoring strategy for this pest.
